The Large Hadron Collider (LHC) at CERN and its experiments were conceived to tackle open questions in particle physics. The mechanism of the generation of mass of fundamental particles has been elucidated with the discovery of the Higgs boson. It is clear that the standard model is not the final theory. The open questions still awaiting clues or answers, from the LHC and other experiments, include: What is the composition of dark matter and of dark energy? Why is there more matter than anti-matter? Are there more space dimensions than the familiar three? What is the path to the unification of all the fundamental forces? This talk will discuss the status of, and prospects for, the search for new particles, symmetries and forces in order to address the open questions.
Introduction
The standard model (SM) of particle physics comprises the fundamental building blocks of visible matter-the fermions (quarks and leptons), and the gauge bosons (photons, W and Z bosons, and gluons) that mediate the interactions between these fermions arising from three of the four fundamental interactions. Photons mediate the electromagnetic interaction, the W and Z bosons the weak interaction, and the gluons the strong interaction.
The Large Hadron Collider (LHC) project [1, 2] was conceived to elucidate the mechanism by which the W and Z bosons acquire mass while the photon remains massless. The general-purpose experiments, ATLAS [3] and CMS [4] experiments, and the Worldwide Computing Grid were designed to search for the Higgs boson and physics beyond the SM. The favoured conjecture for imparting mass to fundamental particles was to postulate a field that pervades the universe. Massless particles acquire mass through their interaction with this field-the larger the mass the stronger is the interaction. The quantum of this field is labelled the Higgs boson. In addition, new physics is widely anticipated at the Tera electron-volt energy scale being probed by the LHC. This paper tries to answer the question of why we expect physics beyond the SM of particle physics and the progress to date.
At the time of writing, no evidence has been found for physics beyond the SM (BSM) in collider experiments. We will give the motivation for expecting BSM physics that includes observations from experiments other than those at hadron colliders.
In July 2012, during Run 1 of the LHC, the ATLAS [5] and CMS [6] Collaborations announced the discovery of the Higgs boson (figure 1), the keystone of the SM. From the analysis of all data recorded in Run 1, it appears that the discovered boson, within the experimental errors, behaves very much like the SM Higgs boson [7] [8] [9] .
All the measurements made of many SM processes are in agreement with the predictions of the SM; the SM is in very good shape indeed [10] .
There are echoes from the cosmos leading to another SM-that of Cosmology. The data from the Planck satellite show that the total energy density in the universe is close to the critical value [11] , indicating a flat universe; the matter density is about 30% and the dark energy density is about 70%. It is worth noting that the SM of particle physics explains only 4.6% of the energy-matter density-the part that makes up atomic matter.
Panorama of particle physics ca 1990
When the CMS and ATLAS experiments were designed, in the early 1990s, there were several open issues (many are still open):
-The SM contains too many parameters that are put in by hand from experimental measurements, such as the mixing angles, the particle masses and more. The hope is that their values will emerge naturally as we make progress towards a unified theory. -What is the nature of electroweak symmetry breaking in the SM? This was an unproven element impinging on the generation of mass. The real question was why the photon is massless while the W and Z bosons have a mass approximately 100 times the mass of the proton. There was confidence that the answer will be found at the LHC. Having now found the Higgs boson, we know the mechanism through which the fundamental particles get masses. 
Looking for physics beyond the standard model
How do we look for clues for new physics?
-We can look to the past. For example, at the path of unification exemplified by Maxwell's unification of electricity and magnetism (into electromagnetism) and 100 years later of electroweak unification by Glashow, Salam and Weinberg. The latter also led to the postulate of a new particle, the Z boson, responsible for neutral currents in the weak interaction. -We can look to what led radical breakthroughs. Some 85 years ago, Dirac's consistent treatment of the electron incorporating special relativity and quantum mechanics led to the prediction of a new class of particles-antiparticles-that doubled the size of the spectrum of particles. The positron was found only a few years later! -We can look at deviations of experimental measurements from the predictions of the current theories, exemplified by radioactive β-decay. The energy spectrum of the electrons from β-decay was inconsistent with a two-body decay. Pauli predicted that a new particle, the neutrino, should exist. In an another example, Zwicky, by looking at the viral theorem, predicted the existence of dark matter, later given strong experimental support by the work of many people measuring the rotation curves of stars in the Galaxies. Given the current understanding of physics, it is reasonable to assume that there is a particle nature to dark matter-either as a single particle or several particles. -We can examine the mathematical consistency (finiteness) of predictions. An example is neutrino-electron scattering at very high energy; the amplitude for this fundamental process would violate unitarity unless it is somehow regulated. This is accomplished by invoking a new particle-the W boson. Similarly, later it was noted that left-handed W-W scattering (W L -W L ) would also violate unitarity at high energies, again requiring a new particle to regulate this process. This new particle is the Higgs boson. arising from quantum loops containing fermions or bosons (figure 2), where Λ is the cut-off momentum. The cut-off could be as high as 10 15 GeV for all we know. Hence, we would have a particle with mass around 100 GeV getting corrections of the order of 10 15 GeV-clearly an unappealing feature. Inclusion of radiative corrections have been very successful in the past, e.g. the calculations of the affected SM processes have correctly predicted the mass of the top-quark mass ( figure 3 ) and of the Higgs boson, before they were discovered. So the effect of radiative corrections should not be lightly dismissed and it is not adequate to invoke the anthropic principle and say that the Higgs boson mass is small because it is small. So the question already posed in the early 1990s is: What protects the mass of the Higgs boson?
One conjecture is that the Higgs boson is a composite object, though the current data disfavour this possibility. Another possibility is to cancel the divergent radiative corrections by invoking a new symmetry, called SUSY. SUSY predicts that for every fermion (boson) particle there is a partner boson (fermion). In this way, each fermion (boson) loop has a corresponding boson (fermion) loop, with opposite sign in the amplitudes, and hence cancelling leaving only the 'bare' mass. This holds true as long as the mass difference between particle and its superpartner is less than approximately 1 TeV.
Can we get a clue as to what should be the scale for new physics?
In the past, we have always had some phenomenon that indicated where the next scale would be, e.g. approximately 1 TeV in the case of neutrino-electron scattering, or approximately 1.5 TeV in the case of W L -W L scattering. The difficulty now is that we do not really know where the next scale is-we only have conjectures. One of the strongest conjectures is weak-scale (1-10 TeV) SUSY. Nature most probably uses this symmetry somewhere as it puts fundamental fermions and bosons on the same footing. However, SUSY could appear at a scale much higher than that probed at the LHC. The strongly held current prejudice, certainly in much of the theory community, is that it should manifest itself at the LHC scale or thereabouts.
Observations from other physics phenomena may suggest higher energy scales ranging from the LHC scale (1-10 TeV) to the Grand Unification scale (approx. 10 12 TeV). Much work is going on to see if there is a connection between Higgs boson physics and electroweak symmetry breaking, matter anti-matter asymmetry and indeed the nature and properties of dark matter, raising the question of whether the Higgs boson is a portal to new physics. Hence, it behoves us to study this new particle and its properties as precisely as we can.
Summarizing the BSM physics may require new symmetries and new particles. At the LHC, the main thrust has to be to look for higher mass states. Broadly speaking there are five categories of searches:
-for new resonances such as heavy bosons predicted by many BSM theories, e.g. the Z , a heavier cousin of the Z-boson, -for non-resonant states, e.g. SUSY particles signed by the presence of weakly interacting particles yielding a large missing (transverse) energy, -for dark matter particles, e.g. by extending SUSY-like searches, and -for deviations from the precise predictions of the SM, e.g. those that could signal compositeness.
In this presentation, we shall not be able to cover the status of all these searches. We will be selective noting though that no strong indications of new physics have been found.
Searching for new physics at the Large Hadron Collider (a) Supersymmetry
As noted above, SUSY doubles the fundamental particle spectrum. An example mass spectrum is shown in figure 4 . As an example, the electron should have a superpartner with the same mass.
No such particle has been found and so SUSY is presumed to be a broken symmetry. SUSY also has a richer Higgs boson sector-in fact there are five Higgs bosons in minimal SUSY models. For the class of spectra illustrated in figure 4 , the mass of the super-partners of the third generation of quarks (stop and sbottom) is relatively low (approx. 500 GeV). It is the quantum loops of the topstop quarks that matter most in the above-mentioned problem meaning that the mass difference (m top − m stop ) has to be small. This is sometimes labelled as a 'natural' scenario. It is therefore particularly interesting to search for a 'low' mass stop. Some argue that the fact that the Higgs boson was found to have a mass below 135 GeV should be considered as a prediction of SUSY. Experimentalists did pay attention to this prediction when designing the experiments as finding the Higgs boson in this mass region presented particular and difficult challenges [12] .
SUSY also has other attractive features: it provides a route to grand unification of strong, electromagnetic and weak forces at a scale of about 10 15 GeV and an escape from too rapid a proton decay. In some scenarios, it also generates a candidate particle for dark matter. Dark matter is weakly and gravitationally interacting matter with no electromagnetic or strong interactions. These are the properties carried by the lightest supersymmetric particle (LSP) in models that conserve a quantum number called R-parity where R = (−1) 3(B−L)+2S and S, B and L are spin, baryon number and lepton number, respectively. Hence, arises the question: Is dark matter supersymmetric in nature?
At the LHC, as the fundamental initial state interaction is via the strong interactions of the constituents of protons, namely quarks and gluons, the cross-section for the production squarks and gluinos is high ( figure 5 ). There is also a sizeable cross-section for stop production and a smaller one for partners of electroweak particles collectively known as ewk-inos.
In R-parity, conserving scenarios the SUSY particles are produced in pairs. We look for decay chains that contain LSPs leading to significant E miss T . A candidate event is shown in figure 6 . Such events can also be produced by known SM processes, e.g. Z + jets where the Z boson decays into neutrino pairs. A search is made for a significant excess of events over and above that precisely predicted by SM physics. SUSY has not turned up yet at the LHC. The results from the search for stop quarks in the ATLAS experiment are summarized in figure 7 [13] . Uncovered areas can be seen, especially where the mass of the stop is close to the mass of the top quark, and no limit can yet be set.
Many searches have been made and are summarized in figure 8 , an example from ATLAS [14] . Each line in the summary plot corresponds to a dedicated physics analysis by a group of 30-50 scientists, examining the predictions, the selection cuts, the efficiencies, the backgrounds and the systematic errors. A null result is used to set limits on the mass and the production cross-sections of the hypothetical particles, that today range in mass between 0.5 and 1 TeV. Higher energy running will allow us to search for particles with higher masses. Searches make an assumption that whatever decay mode is examined its branching fraction is 100%. This clearly is unlikely to be the case and so the limits should be considered as upper limits i.e. SUSY could still exist at lower values of σ BR. However, this assumption simplifies the presentation of the results for use by others.
SUSY space is large-there is a very large number of parameters (approx. 120), but by making some assumptions this number can be reduced to, e.g. 19 supersymmetric model)-a smaller but still a large number-making it difficult to probe fully the allowed space. So it is no surprise that there are holes in the searches. It may well turn out to be impossible to definitively exclude weak-scale SUSY at the LHC.
(b) Non-supersymmetry beyond the standard model physics
Physics beyond the SM could involve extra space dimensions. It is known that fundamental laws of Nature, e.g. gravitation are modified by the number of space dimensions-the familiar 1/r 2 law of gravity in three dimensions changes to 1/r n−1 for n dimensions. This could be a mechanism by which gravity could appear so weak at scales probed so far. predict Z-like massive bosons (with a mass of a few TeV). In Run 1, ATLAS and CMS looked for peaks in di-lepton invariant mass distributions. None were found and limits for m(Z SSM ) of approximately 2.9 TeV have been set assuming that the potential state decays into di-electron or di-muon pairs with the same branching as in the decay of the Z-boson (figure 9). Setting limits on σ BR allows contact with any theory predicting the existence of such bosons-assuming they have non-zero branching to di-electrons or di-muons.
The search for physics beyond the SM can also be summarized in a plot similar to the one shown for SUSY (figure 10) from the CMS experiment [15] . Again each line represents one analysis and are grouped together according to the subject of the search, e.g. leptoquarks, gravitons, dark matter, excited fermions, etc. No new particle has been found and the limits that have been placed Figure 12. (a) The production of dark matter particles at the LHC in a process leading to a mono-jet and (b) direct detection of dark matter particles, e.g. in an LXe based experiment.
can be seen in figure 10 . However, ATLAS and CMS have both seen a few anomalies, but mostly these have been observed in one or the other experiment but not in both. One anomaly is seen by both ATLAS and CMS experiments, an excess of events over the background at a diphoton mass of approximately 750 GeV [16, 17] . More data are needed to confirm whether this excess is an indication of new physics or just a statistical fluctuation. If indeed the excess is confirmed then it is likely to be produced via a quantum loop containing a massive fundamental particle. This state has not been predicted and may lead to a paradigm shift in our understanding of the workings of Nature.
(c) Search for dark matter
Now we turn to the search for dark matter. Figure 11 shows the different approaches to the search, and how they are related to each other by the exchange of the time axes. Direct detection relies on the recoil of the target nucleus, e.g. Xe nucleus (figure 12b). Liquid xenon is a very good target for dark matter detection and the recoiling nucleus, carrying a small amount of kinetic energy (more than a few keV), can lead to both a scintillation and an ionization signal. In the case of LHC, the dark matter particle(s) would be produced in the p-p collisions. As such a particle interacts weakly, it would leave no trace in the detector and its presence has to be inferred from the measurements of momenta of the accompanying particles. The signature would be the presence of a large missing transverse energy. An interesting signature relies on the bremsstrahlung of a gluon from the initial state quark and detecting a large amount of missing transverse energy (figure 12a). This signature can also be used to look for decays of the Higgs boson to invisible particles. If the mass of the dark matter particle is below m H /2 then the Higgs boson can decay into a pair of dark matter particles that leave no trace in the detector.
The results from the direct detection experiments are illustrated in figure 13 [18] . Lines delineate the excluded regions-also shown is the 'floor' from coherent neutrino scattering. The estimated exclusion regions are shown from future experiments such as LZ-a 7 ton liquid Xe experiment. The LHC experiments have also looked for processes that lead to single high transverse momentum physics objects in their detectors such as mono-jets, mono-photons, mono-W/Z bosons-these objects also being the ones that 'trigger' the event. No additional events, over and above those expected from SM processes, have been found and limits have been set. These limits are compared in figure 14 [19] for other searches for dark matter. The limits from LHC experiments are classified in two ways-for spin-dependent and spin-independent interaction. The limits are quite competitive for spin-dependent interactions. 
(d) Neutrinos have mass
We know neutrinos oscillate. In the scientific background notes compiled for the 2015 Nobel Prize in Physics, it is said that this provides 'compelling evidence for the incompleteness of the SM as a description of Nature'. There had been a long-standing anomaly in the measured flux of solar neutrinos, which was measured to be only a third compared to the predictions of the Standard Solar Model (SSM). Figure 15a shows the data from SuperK where the flux of upward-going and downwardgoing atmospheric neutrinos is compared [20] . SuperK was a 50 kton water Cherenkov detector that deployed some 11 000 large photomultipliers to detect the Cherenkov light from relativistic electrons or muons generated by neutrino interactions in water. These neutrinos originated from cosmic ray interactions with nuclei in the upper atmosphere producing a sizeable flux of charged pions. These charged pions decay into muons and neutrinos, and muons in turn decay into electrons and two neutrinos in reactions listed below
An interaction ratio of 2 : 1 is expected for downward-going muon neutrinos to electron neutrinos. The same ratio would be expected for upward-going neutrinos. However, a value lower than 2 is observed (figure 15a, right) indicating that some (muon) neutrinos, having travelled longer had time to change identity, i.e. oscillate to tau neutrinos that are undetectable in SuperK or to electron neutrinos. Figure 15b shows the evidence from the Sudbury Neutrino Observatory (SNO) experiment [21] for conversion of electron-type neutrinos from the Sun into muon-or tau-neutrinos solving the 'solar neutrino problem'. SNO is a 1 kton heavy water Cherenkov detector. The heavy water offers the possibility of the detection of interactions of all species of neutrinos via the reactions listed below: with vacuum neutrino oscillations a ratio of CC/NC < 0.5 is expected. The measured ratio is found to be approximately 0.3. After fitting the data from the various neutrino interactions, it was found that the flux of muon or tau type neutrinos was observed to be approximately twice that of electron neutrinos (figure 15b). Two-thirds of electron neutrinos have oscillated away explaining the factor of one-third mentioned above. Neutrino oscillations pose further questions that need answering so that new theories beyond the SM can be fully developed. New experiments are planned to address these questions including Dune, a 40 kt of LAr dtetector, and HyperK, a one Megaton water Cherenkov detector.
Looking ahead with the Large Hadron Collider
In the current LHC phase (2015-2023), we expect to accumulate an integrated luminosity corresponding to around 300 fb −1 , at a centre-of-mass energy almost twice that in Run 1 (13 TeV instead of 8 TeV). Some 5 million Higgs boson will have been produced allowing a much more detailed examination of its properties and to see if any deviate from the precise predictions of the SM. If they do significantly deviate, then we know that there is physics beyond the SM. In addition, we shall be looking for all the states listed in figures 8 and 10, e.g. new resonances, SUSY particles, 'exotica'. We also shall be looking for deviations from the precise predictions of numerous SM processes. It has to be remarked that in addition to the LHC now being a Higgs factory, it is also a top-quark factory, a W/Z factory, a b-quark factory, etc. producing enormous numbers of these particles. Thoughts have already turned to the long-term future of the LHC. Going forward the highest priority in the global strategy for particle physics is the exploitation of the full potential of the LHC, including the high-luminosity upgrade of the machine and detectors with a view to collecting 10 times more data than in the initial design, by around 2035. The work towards this goal is proceeding well. Figure 16 illustrates the long-term evolution of the LHC programme and the arrow indicates our present position-the LHC programme has just started. Foreseen are increases in instantaneous luminosity, from 10 34 cm −2 s −1 to 5 × 10 34 cm −2 s −1 , and in integrated luminosity, from 300 fb −1 to 3000 fb −1 . This would lead to an examination of some 50 million Higgs bosons, among other states. Considerable and fresh detector R&D is being carried out to build new inner trackers and forward calorimeters, as well as extensive upgrades of electronics to allow selection of approximately 1 million events at the first level of triggering. Introduction of information from the inner tracker also is envisaged at this first level of triggering.
Summary
There is ample experimental evidence for physics beyond the SM of particle physics. We have found a new particle, the Higgs boson, which might lead us to new physics. The 'novelty' and the 'lightness' of this Higgs boson calls for its in-depth studies in the current LHC run, and at the HL-LHC and beyond.
In 1865, electromagnetism was born. Fifty years later, physics was revolutionized by the advent of quantum mechanics and Einstein's Theories of Special and General Relativity. Another 50 years later (1965), the first steps were taken towards constructing the SM starting with the hypothesis for spontaneous symmetry breaking and the consequent prediction of the Higgs boson, the suggestion of quarks being the constituents of hadrons, the proposal of a new quantum number (colour).
Another 50 years later, after the discovery of many new fundamental particles, the final and keystone particle of the SM, the Higgs boson, was found. The construction of the SM is the result of intense interplay between experimental discoveries and theoretical intuition over the last 50 years. We all hope that there will be new physics appearing in the LHC run that started in 2015.
We must take a holistic view of particle physics-whether we find BSM physics at the LHC or not-and select the path to follow in a prudent manner. Precision measurements need to be made of known phenomena as well as of the properties of the Higgs boson. Searches for new particles and phenomena and their in-depth study if found will take 10-15 years of further study.
Returning to the theme of this meeting-the open questions of today are just as profound as they were a century (or a century and a half) ago. However, there appears to be many more of them. The question is from where are the answers or clues going to come? A broad range of experiments need to be carried out, and we note that it is a good time to be an experimental physicist.
